The selective localization of protein synthetic machinery at postsynaptic sites makes it possible for the synthesis of particular proteins to be regulated by synaptic signals. Here we consider how the structure of the machinery constrains synthetic capacity and the evidence that mRNA translation is locally controlled by synaptic signals.
There are not many ribosomes at an individual synapse The availability of ribosomes must constrain the overall capacity for protein synthesis at individual synapses. Quantitative electron microscopic studies reveal that the number of ribosomes at individual synapses is quite limited (Steward and Reeves, 1988; Ostroff et al., 2002) . The number of ribosomes in a polyribosome at synapses in the hippocampus and dentate gyrus ranges from ϳ3 to 28 with the average being 8. There is no quantitative information on the number of individual ribosomes in dendrites, but qualitatively, few individual ribosomes are seen. It is not known whether dissociated ribosomal subunits are present, and if so, how many.
How is this limited machinery allocated to the different mRNAs that are potentially available for translation? Is the translational machinery running at full capacity, or can it be modulated? The answers to these questions are unknown.
How many mRNAs can fit on the translational machinery beneath an individual synapse?
When ribosomes are present as polyribosomes, it is presumed that they are translating a single mRNA. Most spine synapses have no more than one to two polyribosomes, suggesting that one to two mRNAs are being translated at a given time. It is possible, although unlikely, that each individual ribosome is engaged with a different mRNA, which would allow a greater number of different proteins to be synthesized at the same time.
If most ribosomes at synapses are engaged in translation, then increasing initiation probability (for example, as a result of phosphorylation of initiation factors) would probably not increase overall translational capacity. Conversely, decreasing initiation could reduce translation. Thus, an important question is whether ribosome availability limits the extent to which alterations in initiation factors affect global translational capacity in dendrites [see the Mini-Review by Pfeiffer and Huber (2006) in this issue].
Can additional ribosomes be recruited to the translational machinery at a synapse? There is evidence for shifts in ribosomes from shafts to spines after LTP and increases in the number of synapses with ribosomes (Ostroff et al., 2002) . To increase overall translational capacity at one synapse, however, the ribosomes would have to come from somewhere else. Thus, the overall translational capacity of small dendritic segments would presumably be stable unless there were substantial numbers of unengaged ribosomes or unassembled ribosomal subunits that are not apparent by electron microscopy, or a capacity to transport additional ribosomes from a distance.
Regarding the possibility of unassembled ribosomal subunits, recent studies have indicated that mRNAs for certain ribosomal proteins are present in neurites in Aplysia (Moccia et al., 2003) and in dendrites of mammalian neurons in vivo (Zhong et al., 2006) . These ribosomal proteins tend to be located at or near the edge of the ribosome where the two subunits link up. Local synthesis of these critical proteins could promote assembly of the subunits into a ribosome, but the subunits would still have to be present.
Traffic jams at the translational machinery of the synapse?
One additional point to consider is the size of the mRNAs that are present in dendrites. The length of an mRNA can be estimated as 0.34 nm/base times the number of bases. So, the mRNAs for calcium/ calmodulin-dependent protein kinase II (CAMKII), Arc, and BDNF would be ϳ1.57, 1.03, and 1.32 m, respectively, and MAP2 would be a whopping 3.17 m long (longer than the average spine!). Figure 1 illustrates how these sizes compare with the size of typical spine synapses. Presumably, mRNAs are configured in tangled loops and hairpins, but even in their three-dimensional form, they must occupy considerable space, especially if they are associated with mRNA-binding proteins that regulate translation [see the Mini-Review by Wells (2006) in this issue]. The actual physical sizes and configurations of dendritic mRNAs are not known, but these considerations indicate that the area beneath and within spines may be very crowded if more than one mRNA is being translated at any one time. How this constrains the movement of mRNA to and from the translational machinery is not known, but movement of mRNAs into spines has been reported after induction of LTP (Havik et al., 2003) .
These considerations provide the background for reviewing the evidence for two hypotheses. (1) That overall levels of dendritic protein synthesis are regulated by synaptic signals.
(2) That overall levels of dendritic protein synthesis are not regulated, and instead, synaptic signals control the selection of particular mRNAs for translation.
Dendritic protein synthesis during the induction of LTP and LTD
Does physiological induction of LTP or LTD increase the overall level of dendritic protein synthesis? Few papers address this question directly, perhaps because the answer is negative. Autoradiographic assessment of incorporation of 3 H-leucine after inducing LTP in the perforant path in vivo failed to reveal increases in labeling in dendritic laminas (O. Steward, unpublished observations) . Electrical stimulation of hippocampal slices triggers increased global protein synthesis measured as 35 S-met incorporation (Kelleher et al., 2004) , but it was not established whether there were increases in dendritic protein synthesis. Slices may be physiologically and metabolically silenced in comparison to intact brain, and thus it is not clear whether increasing global protein synthesis reflects what would occur in vivo with physiological activation. As far as we are aware, the only study to report increases in overall dendritic protein synthesis used autoradiographic techniques to document small increases in incorporation in dendrites when patterned synaptic stimulation of hippocampal slices was paired with carbachol treatment to activate muscarinic ACh receptors (Feig and Lipton, 1993) .
There is evidence that induction of LTP in hippocampal slices triggers synthesis of ␣CAMKII in dendrites (Ouyang et al., 1999) and the elongation factor EF1␣ (Tsokas et al., 2005) . Also, induction of perforant path LTP in vivo leads to a dramatic increase in expression of Arc, causing massive increases in Arc mRNA and protein in dendrites, and also triggers an increase in immunostaining for CAMKII (Steward and Halpain, 1999 ) and EF1␣ (Huang et al., 2005) . The latter is not blocked by inhibiting protein synthesis, however.
Pharmacological activation using neurotransmitter agonists and antagonists
Direct application of ionotropic glutamate receptor agonists (NMDA, AMPA, or glutamate) to cultured cortical neurons inhibits overall protein synthesis (Marin et al., 1997) . Similarly, NMDA application decreases overall protein synthesis in the developing tectum (Scheetz et al., 2000) but increases the synthesis of ␣CAMKII protein. Similarly, treatment of subcellular fractions containing pinched off dendrites (synaptoneurosomes or synaptodendrosomes) with glutamate increases incorporation of 35 S-methionine into select bands in fluorographs of Western blots from synaptodendrosomes (Leski and Steward, 1996) and increases the association of specific mRNAs with polysomes (Bagni et al., 2000) but does not significantly increase overall levels of protein synthesis (Leski and Steward, 1996) .
Conversely, treatment of synaptoneurosomes with metabotropic glutamate receptor (mGluR) agonists increases the proportion of ribosomes associated with mRNA (Weiler and Greenough, 1993) and increases the translation of a reporter mRNA (Job and Eberwine, 2001) . Also, bath application of the mGluR agonist (R,S)-3,5-dihydroxyphenylglycine (DHPG) to hippocampal slices, and injections of DHPG into the dendritic laminas of the hippocampus in vivo triggers a local synthesis of the elongation factor EF1␣, whose mRNA is localized in dendrites (Huang et al., 2005; Tsokas et al., 2005) . Experiments involving bath application used the same paradigm that has been shown to induce protein synthesis-dependent LTD, linking mGluR activation, increased synthesis of an elongation factor, and LTD. Because EF1␣ is an elongation factor, one might expect that increases in EF1␣ protein levels would cause increases in local protein synthesis, but assessments of 3 Hleucine incorporation using autoradiographic techniques did not indicate increased labeling in dendritic laminas (Huang et al., 2005) .
These studies indicate that the translation of particular mRNAs is regulated by neurotransmitter systems [see also the Mini-Review by Pfeiffer and Huber (2006) in this issue] but do not provide evidence for global increases in protein synthesis in dendrites. Regulation of dendritic protein synthesis by neuromodulators and growth factors BDNF can enhance synaptic transmission (Lohof et al., 1993; Kang and Schuman, 1995a; Messaoudi et al., 1998) . Also, BDNF is required for some forms of LTP (Korte, 1995; Patterson, 1996) , and this LTP requires dendritic protein synthesis (Kang and Schuman, 1996) . BDNF can stimulate global protein synthesis of neurons in culture (Kelleher et al., 2004; Takei et al., 2004) and selectively stimulates the translation of certain proteins (Schratt et al., 2004) .
Studies of protein synthesis in individual dendrites of neurons in culture using time-lapse imaging of a green fluorescent protein (GFP)-based protein synthesis reporter reveal that BDNF triggers increased translation in mechanically or optically isolated dendrites (Aakalu et al., 2001) . In this case, the reporter was flanked by the 5Ј and 3Ј UTRs from CAMKII, implying that BDNF can stimulate the translation of CAMKII. It is not clear whether overall dendritic translation is enhanced, however.
Dopamine also stimulates dendritic protein synthesis, as demonstrated using a new protein synthesis reporter, a fluorescently tagged puromycin (F2P), and restricted microperfusion of dendrites (Smith et al., 2005) . In addition, as highlighted in the accompanying Mini-Review by Pfeiffer and Huber (2006) , dopamine agonists also cause a rapid, protein synthesis-dependent enhancement of mEPSC frequency and an increase in surface GluR1, revealing another form of plasticity that appears to require local protein synthesis. These studies involve dissociated neurons in culture, and it remains to be seen whether similar mechanisms operate in adult neurons in vivo.
Protein synthesis as a mechanism for maintaining homeostasis
Endogenous neurotransmitter release regulates the expression of different types of neurotransmitter receptors in a manner that maintains overall levels of excitability (that is, synaptic homeostasis). This has been demonstrated in experiments in which neural activity is either stimulated or reduced using antagonists to inhibitory or excitatory neurotransmitters.
The ability of neurons to respond to chronic changes in activity and initiate homeostatic responses is an area of intense investigation (Turrigiano et al., 1998) . Can the protein synthesis machinery respond dynamically to acute changes in synaptic input? Sutton et al. (2004) used a GFP-based reporter to examine the sensitivity of local protein synthesis to changes in either action potential-dependent or action potential-independent synaptic events (a.k.a. miniature synaptic events or minis) in cultured hippocampal neurons. Although dendritic protein synthesis was modestly affected by blockade of action potential-dependent transmission, disruption of miniature synaptic transmission led to dramatic increases in local protein synthesis (Sutton et al., 2004) and surface synaptic GluR1 receptors (Sutton et al., 2006) . Moreover, the protein synthesis-dependent increase in GluR1 leads to the insertion of a novel, Ca 2ϩ -permeable GluR channel. Thus, minis may serve as a signal for synaptic integrity at synapses; the presence of minis keeps the protein synthesis machinery in a repressed state, whereas a loss of minis results in a stimulation of protein synthesis. In a related study, the prolonged (3 d) blockade of activity (using TTX and APV) was reported to increase the levels of a transfected glutamate receptor in the dendrites (Ju et al., 2004) . It is intriguing to imagine that the proteins synthesized may increase the sensitivity of postsynaptic neurons to compensate for net decreases in presynaptic input.
Together, these data suggest that dendritic protein synthesis is involved in plasticity of a fundamental nature: the moment-tomoment assessment of synaptic function and potentially the maintenance of synaptic connections. In addition to the immediate actions on synaptic transmission, intracellular signaling cascades initiated by neurotransmitters can also influence local protein synthesis, giving rise to enduring changes in synaptic function, which in turn play a role in local homeostatic responses that keep synaptic strength within a dynamic range.
Clearly, there does appear to be some disparity in the conclusions from studies in vivo or in acutely prepared reduced preparations such as slices and synaptoneurosomes versus studies involving young neurons growing in culture. In the former case, there is no definitive evidence for extensive modulation of the overall level of dendritic protein synthesis. Instead, the results suggest that overall translational capacity in dendrites is stable and that regulation involves the selection of mRNA for translation and perhaps competition between mRNAs for limited translational machinery. In young neurons in culture, there is evidence that overall levels of protein synthesis can be regulated over a wide dynamic range. It is possible that the disparities reflect differences in methods of measurement. It seems more likely, however, that the greater "plasticity" of the translational machinery in developing dendrites is parallel to, and perhaps a cause of, a greater potential for synaptic growth and plasticity during the developmental period. Clearly, there is much work to be done in establishing the boundary conditions for both dendritic protein synthesis and synaptic plasticity across development.
